+ . H atoms, apart from the hydride bridge, are omitted for clarity.
+ . H atoms, apart from the hydride bridge, are omitted for clarity.
Supplementary Figure 18.
57 Fe d Ni/Fe-flippamer-dependent splitting could not be determined from NRVS experiment; only single band was observed.
e Tentative assignment for a low-intensity NRVS band. 
Supplementary Table 3. Metal-metal and metal-ligand internuclear distances (Å) in [1H]
+ from X-ray data analysis 2 and DFT optimizations. 2.160 2.217 / 2.213 * Optimized structures for both Ni/Fe-flippamers and atom labels are shown in Supplementary Fig. 17 . † Only the Ni-flippamer structure is available from X-ray analysis 2 . Table 3 ).
Supplementary

Further Discussion of Enzyme Cluster Models
The spectra simulated for singlet V S and VI S most closely matched the experimentally determined peak positions, intensity distributions, splitting pattern and H/D isotope effects. Interestingly, the calculated NRVS is relatively insensitive to the protonation state of terminal cysteinates, as the results for III S are almost identical to those for V S and VI S ( Supplementary Fig. 23 ). Therefore, discrimination between models based on NRVS data (in the Fe-CO/CN region) alone is impossible. However, considering our previous FT-IR studies on Ni-R, and the relative intensities of ν CO and ν CN modes simulated for the models, we conclude that III S , which bears unprotonated cysteinates, is an implausible depiction of the Ni-R active site 6 .
Agreement between DFT calculations and experiment is much less satisfactory when examining
Ni-R models other than V S and VI S ( Supplementary Fig. 23 ). Most strikingly, the distinct Ni-H-Fe wagging mode expected around 700 cm -1 is absent from simulated NRVS data (the only exception being Considering the overall contour of the calculated spectra, it is evident that none of the models in which Ni(II) is high-spin (S = 1) can give rise to the experimental NRVS fingerprint (see Supplementary 
III S
Supplementary Methods
Synthetic Model Compounds Overview
Low-valent Ni(I)Fe(I) complexes such as (dppe)Ni(µ-pdt)Fe(CO) 3 Fig. 15 ) and 2 H NMR analyses being most diagnostic of successful deuteration.
Preparative Details
Unless otherwise stated, all chemicals were purchased from commercial sources and used as received.
Chromatography was performed using SiO 2 (40 - 
CO) 3 (1ʹʹ)
A solution of 1ʹ (14.1 mg, 20 μmol) in CH 2 Cl 2 (2 mL) was frozen with liquid N 2 . The reaction vessel was evacuated; the solution was placed under 13 CO (1 atm) and allowed to warm to room temperature.
The mixture was briefly agitated before being allowed to stand for 2 h, after which the solution was once again frozen and the headspace replaced with fresh 13 CO (1 atm). After 2 h at room temperature, the solution was chromatographed (~4 cm SiO 2 , CH 2 Cl 2 eluent) and the green band collected and treated with CH 3 CN (5 mL). The solution was concentrated to ~1 mL, whereupon a solid formed. [(dppe)Ni(µ-pdt)(µ-D) 57 
Fe( 13 CO) 3 ]BF 4 ([1ʹʹD]BF 4 )
This salt was prepared analogously to [1ʹD]BF 4 , using 1ʹʹ as the precursor (Supplementary Figs. 12-14) . 
NRVS Sample Preparation
Hydrogenase Sample Preparation
D. vulgaris Miyazaki F Cell Growth and Hydrogenase Protein Isolation
Cells were cultivated using a minimal medium supplemented with 57 hydrogenase expressed was isolated and purified as described earlier 9 .
Conversion to Ni-R1
The as-isolated [NiFe]-hydrogenase was transferred from 25 mM Tris-HCl (pH = 7.4) buffer to100 mM MES (pH = 5.0). The solution was placed in a tube, which was sealed, degassed and then purged with 
NRVS Measurements and Data Analysis
The NRVS spectra were recorded using a published procedure 10 at SPring-8 beamlines BL09XU 11 and BL19LXU Due to various limitations, the maximum counts/second (cts/s) is currently about 2.6-3 times of that at BL09. During NRVS measurements, the samples were maintained at cryogenic temperature using a liquid He cryostat 2, 14 . The real sample temperatures were derived from anti-Stokes / Stokes intensity ratios and were 30-50 K. Delayed nuclear fluorescence and Fe K fluorescence (from internal conversion) were recorded with a 2×2 APD array in either beamline. NRVS spectra were recorded with a step size of 0.28 and 0.27 meV at BL09XU and BL19LXU, respectively (the different step size is due to a different energy scaling factor; both step sizes are 0.295 meV before the energy calibration).
Since the relative strength of NRVS transitions varies dramatically, the scans were divided into segments with very different collection times. In general, 1-3 s per point was used for the range from Raw NRVS data were analyzed using PHOENIX software to get the single-phonon 57 Fe PVDOS, as previously published 15 .
Computational Methods
Model Complex Calculations
The 20 as implemented in GAUSSIAN 09 with the IEF-PCM parameters at their default values for water. Based on the normal mode outputs, 57 Fe partial vibrational density of states (PVDOS) spectra which complement the NRVS experiment were generated using the Q-SPECTOR program. Q-SPECTOR is an in-house Python tool for analysis of the normal modes calculated using computational chemistry software (here, GAUSSIAN 09), successfully applied earlier [21] [22] [23] [24] . To account for the resolution of the present NRVS experiment, the simulated 57 Fe PVDOS spectra were broadened by convolution with a FWHM = 12 cm −1 Lorentzian. The homogeneous empirical scaling of the calculated frequencies by 108.0/97.9/102.3% in the 0-400/400-1550/1950-2100 cm −1 ranges, respectively, was applied to the simulated NRVS (see the main text Fig. 2 and Supplementary Fig. 18 ) and ν CO IR ( Supplementary Fig. 16 
Enzyme Cluster Model Calculations
Electronic structure calculations on active site cluster models were performed using the ORCA 3.0 quantum chemistry package 33 . Details of the enzyme cluster models have been previously reported by us 6, 34 . The initial geometry was prepared from the crystal structure of DvM hydrogenase in its reduced form (PDB 1H2R). The metal ions were in their divalent states, as in the Ni(II)Fe(II) Ni-R form. Amino acids of the first and secondary coordination sphere were incorporated in order to ensure that important secondary interactions (H-bonding, steric) with the core region are maintained, which have a direct influence on the electronic structure of the active site. Residue His88 was protonated at the Nε position. bases as implemented in ORCA were used 37 . Scalar relativistic effects were incorporated by the allelectron zeroth-order regular approximation (ZORA) 4, 38 according to van Wüllen 39 . Dispersion effects were accounted for by the use of Grimme's atom pair-wise van der Waals correction 31, 32 . Dielectric effects due to the presence of the enzyme environment were approximated by embedding the clusters in a conductor-like screening model (COSMO) 5, 40 with a dielectric constant of ε = 4. The DFT-optimized stationary points were confirmed to be (local) minima by analysis of their harmonic vibrational frequencies, calculated at the same level of theory. Calculated frequencies were scaled by 97.9% (> 400 cm −1 ), in order to facilitate unequivocal mapping between the principal calculated and experimental NRVS bands for Ni-R and to be consistent with the model complex calculations. Vibrational frequencies and normal mode compositions were subsequently utilized to calculate parameters of NRVS spectra for H and D isotopologues of the cluster models according to the current ORCA implementation. Details on the theory and implementation are reported elsewhere 41, 42 . For a given model all relevant hydrogen atoms of the substrate (H 2 , H -and H + ) were included in the isotope substitution. Calculated NRVS spectra were fit to a Lorentzian, using a consistent linewidth (FWHM, full width at half-height) of 12 cm -1 .
